Intracranial EEG (icEEG) provides a critical road map for epilepsy surgery but it has become increasingly difficult to interpret as technology has allowed the number of icEEG channels to grow. Borrowing methods from neuroimaging, we aimed to simplify data analysis and increase consistency between reviewers by using 3D surface projections of intracranial EEG poweR (3D-SPIER). We analyzed 139 seizures from 48 intractable epilepsy patients (28 temporal and 20 extratemporal) who had icEEG recordings, epilepsy surgery, and at least one year of post-surgical follow-up. We coregistered and plotted icEEG β frequency band signal power over time onto MRI-based surface renderings for each patient, to create color 3D-SPIER movies. Two independent reviewers interpreted the icEEG data using visual analysis vs. 3D-SPIER, blinded to any clinical information. Overall agreement rates between 3D-SPIER and icEEG visual analysis or surgery were about 90% for side of seizure onset, 80% for lobe, and just under 80% for sublobar localization. These agreement rates were improved when flexible thresholds or frequency ranges were allowed for 3D-SPIER, especially for sublobar localization. Interestingly, agreement was better for patients with good surgical outcome than for patients with poor outcome. Localization using 3D-SPIER was measurably faster and considered qualitatively easier to interpret than visual analysis. These findings suggest that 3D-SPIER could be an improved diagnostic method for presurgical seizure localization in patients with intractable epilepsy and may also be useful for mapping normal brain function.
The success of modern epilepsy surgery largely depends on the ability of clinicians to accurately localize seizure generating tissue in a patient's brain. In cases where scalp electroencephalography (EEG) is inconclusive, the most common method for performing this localization is through implantation of subdural and depth EEG electrodes, a technique known as intracranial-EEG (icEEG) (Nair et al., 2008; Wellmer et al., 2012) . The data generated from these electrodes during ictal periods is reviewed by trained epilepsy specialists to determine the area of seizure onset, which is often the section of brain chosen for removal during epilepsy surgery. While visual analysis of icEEG data is the most common clinical method for localizing onset regions, there are several short-comings of this technique that suggest the need for improved methods.
Inpatient recording sessions of icEEG data often require the implantation of over one-hundred electrodes, and as the demand for higher spatial resolution continues to increase, it is likely that hundreds of channels will be included in future studies. While increasing the precision of electrical data recording has obvious clinical benefits, the complexity of analyzing such a large number of datasets on a 2D computer screen is often difficult. In addition, the vague guidelines available for describing the morphology of seizure events (Lee et al., 2003; Spencer and Lee, 2000) may often lead to inconsistency between reviewers in the identification and localization of ictal periods. Combining icEEG and anatomical MRI could alleviate these short-comings by allowing clinicians to visualize the spatial time course of icEEG information on a 3D cortical surface (Englot et al., 2010; Youngblood et al., 2013) . In fact, generating 3D-Surface Projections of IcEeg poweR (3D-SPIER) from these combined methods can yield clinical and scientific usefulness for investigating both normal and abnormal brain functions. Previous studies have mapped icEEG signal changes on a 3D brain surface in epilepsy patients, displaying high-frequency activity (Akiyama et al., 2006; Englot et al., 2010; Ochi et al., 2007) or raw surface potential (Chen et al., 2002; Otsubo et al., 2001 ) to localize where the seizures originated. Other studies have also used icEEG projections for cortical functional mapping in epilepsy patients (Brown et al., 2008) . However, no previous work has compared the clinical effectiveness of this new analysis approach to a traditional icEEG reading with regard to seizure localization.
Our goal was to determine if 3D-SPIER could be clinically useful in the presurgical evaluation of patients for epilepsy surgery. In an attempt to increase consistency and simplify data analysis, this study aimed to validate a new technique for displaying icEEG power on a 3D rendering of each patient's cortex. We hypothesized that the direct mapping of collected signals onto detailed anatomical structures would assist epileptologists in more easily and consistently localizing the seizure onset zone (SOZ), and also give a greater spatial context to the meaning of electrical data collected through icEEG. Our hope is that this kind of new diagnostic method will enhance the localization accuracy of SOZs, and thus improve surgical outcomes of patients suffering from medically intractable epilepsy.
In this study, the clinical usefulness of 3D-SPIER was tested through a patient-by-patient comparison with the localization obtained through traditional icEEG analysis and surgical resection area. We observed that seizure localization using 3D-SPIER was comparable to icEEG visual analysis, and the agreement between the two methods was better in patients with good surgical outcome. Generally, an analysis of 3D-SPIER was faster, more convenient, and showed higher consistency between two reviewers, suggesting that this method may give more reliable and objective information with appropriate further clinical validation.
Materials and methods

Subjects
A total of 139 seizures from 48 patients at Yale-New Haven Hospital (YNHH) were chosen for inclusion in this study. Criteria for selection included: (i) referral for presurgical evaluation and 3D anatomical MRI scanning between October 2004 and September 2010, (ii) subsequent icEEG recordings in which one or more seizures were captured, (iii) epilepsy surgery was performed, and (iv) at least one year of postsurgical follow-up occurred. For each patient, up to the first 3 seizures were included for analysis and production of 3D-SPIER movies (5 patients only had 2 recorded seizures on file, giving a total of 139 seizures). Written informed consent was obtained from all participants. This study was approved by the Human Investigation Committee of the Yale University School of Medicine.
Overall surgical localization and postoperative seizure outcomes
Overall localization was defined from the site of surgical resection, which was decided based on clinical history, icEEG, and imaging findings. Lobar localization was categorized into one lobe when the majority of resected cortical regions were involved in that particular lobe. Localization was considered to lie in multiple lobes if the resected areas involved two or more lobes equally (McNally et al., 2005) . Postoperative surgical outcome was determined by Engel's classification (Engel, 1993) as well as the ILAE Outcome Criteria (Wieser et al., 2001) .
Patient data acquisition for intracranial EEG
During an in-patient stay at YNHH, each subject underwent continuous icEEG recording using 128-channel clinical EEG and video monitoring equipment (Bio-Logic Systems Corp., Mundelein, IL, USA). EEG amplifier systems contained separate ground and reference inputs. A total of 128 EEG channels were acquired during recording, using 16 bit A/D conversion, 256 Hz sampling, 90 dB common mode rejection ratio, and 0.1 to 70.0 Hz band pass filter.
All patients chosen for this study also underwent a T1-weighted, structural MRI scan using a magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence. Scans were performed on either a 3-Tesla (Siemens Trio, Siemens Medical, Erlangen, Germany) or 1.5-Tesla magnet (Siemens Sonata, Siemens Medical, Erlangen, Germany) with slices obtained in the sagittal or axial plane. For 3 T, we used the following parameters: 1 mm slice thickness, 256 × 256 matrix size, 256 mm field of view (FOV), 2530 ms Repetition Time (TR), 3.34 ms echo time (TE), and a flip angle of 7°. For 1.5 T, we used the following parameters: 1 mm slice thickness, 256 × 256 matrix size, 256 mm FOV, 200 ms TR, 3.28 ms TE, and a flip angle of 45°.
Seizure localization using traditional icEEG visual analysis
Each seizure was independently reviewed by two expert neurologists (H.W.L. and P.F.) using the traditional icEEG visual analysis method found in most comprehensive epilepsy centers (Nair et al., 2008) . Seizure onset times were identified based on the first occurrence of either fast spike/polyspike or low voltage fast activity changed from the baseline background rhythms and showing a rhythmic pattern of ictal evolution; seizure termination was based on the end of the ictal pattern as seen on the icEEG. For seizures beginning with slow periodic spiking followed by low-voltage fast activity, onset was defined as the beginning of low-voltage fast activity. Each reviewer independently identified the area of ictal onset (side, lobe, and subregion) while blinded to any clinical information. For every patient, there were a total of 16 possible cortical localizations (i.e., either right or left for side; frontal, temporal, parietal, or occipital for lobe; and either medial or lateral for sub-region). Reviewers were given the locations of all electrodes through cortical plots based on MRI and CT images as described previously (Papademetris et al., 2001 (Papademetris et al., , 2006 . After all independent reviews were completed and recorded, a final consensus was reached for each seizure through discussion of those cases in which individual localizations differed. If both reviewers agreed that an ictal onset zone could not be localized, or if a consensus on localization could not be reached after discussion, the icEEG was considered as non-localizing.
Localization of seizure onset zones using 3D-SPIER Methods for generating 3D-SPIER movies from icEEG data are summarized in Fig. 1 (see also (Youngblood et al., 2013) ). Briefly, the process consists of (1) generating a computational cortical-surface model from structural MRI scans, (2) mapping acquisition electrodes to the computational brain surface, (3) calculating signal power from the raw icEEG data, (4) coloring the computational cortical surface according to the signal power of nearby electrodes, and (5) assembling each frame of colored data into a 3D-SPIER movie. After all datasets were rendered into movies, they were subjected to a blinded independent review by two reviewers (H.W.L. and P.F.) using the same method employed above during traditional icEEG visual analysis. To prevent the reviewers from recognizing patients or seizures we shuffled the order between visual analysis and 3D movie review. In addition, at least two months elapsed between the two reviews, further reducing possible biases. All seizures were identified only by randomly assigned numbers for both methods of review.
Three-dimensional brain surface rendering and icEEG electrode mapping
Using MRI imaging data, a three-dimensional triangular mesh model was constructed of each patient's cortex using BioImage Suite software (v3.0, CT, USA, www.bioimagesuite.org). This model provided a computational canvas of each patient's brain so that cortical coloring could illustrate the icEEG activity of each electrode over time. BioImage Suite uses a threshold-based segmentation algorithm to assemble 2D structural MRI scans into 3D voxels representing the surface of the brain (Papademetris et al., 2001 (Papademetris et al., , 2006 . The threshold level used for segmentation was determined empirically for each patient according to the value that generated the most structurally accurate cortical surface. Image in-homogeneities caused by MRI field artifacts were figure) . MRI images are used to generate a triangular mesh-based surface rendering. The pre-op MRI is also combined with electrode coordinates obtained from the post-op CT and MRI images to create a map of electrode locations on the brain surface. Intracranial EEG data are analyzed by Fourier transform to obtain signal power in specific frequency bands. The icEEG signal power is then combined with the brain surface and electrode coordinates to generate a color surface rendering of icEEG power for each point in time during the EEG recording. The time series of images are then combined in sequence to generate a 3D-SPIER movie. Results are then viewed to determine the location of seizure onset. Modified with permission from (Youngblood et al. (2013) . corrected using the "bias-field correction" tool in BioImage Suite, a re-implementation of the method developed previously (Styner et al., 2000) in which the in-homogeneity field is estimated using a polynomial model and then removed from the image. The resulting 3D cortical surface was imported into MATLAB for use in the remaining production steps.
Data collected during icEEG recording was localized on the cortical mesh-grid using the co-registration tools found in BioImage Suite. The precise mapping of electrode locations onto the surface is critical for accurate clinical review, particularly in planning epilepsy surgery. As part of the inpatient icEEG evaluation, all subjects underwent pre-and postoperative MRI and computerized tomography (CT) scans before and after implantation of icEEG electrodes. MRI was performed as described above, and CT images were captured using a Lightspeed computed tomography scanner (Siemens Medical, Erlangen, Germany; kvp of 120, 600 ms/220 ma, mode helical/64, thickness 1.5 mm with no gap, and DFOV 26 × 22 cm). The CT and MR images were co-registered using BioImage Suite (v3.0, CT, USA, www.bioimagesuite.org), which employs a 6-parameter rigid transformation to localize electrodes on the brain surface of each patient's 3D MR image (Fig. 1) . The locations of each electrode (with respect to the cortical mesh-grid model) were then imported into MATLAB for further use.
Calculation of icEEG power and generation of 3D-SPIER movies
Before performing our blinded review, 3D-SPIER movies were generated for all seizures selected for this study. Each seizure was buffered by 60 s of pre-ictal and post-ictal icEEG data for video review. The icEEG data were segmented into non-overlapping 1 second intervals that were normalized using a Hann window centered on the mid-point of each segment. Each normalized interval underwent a fast-Fourier transform and was converted into frequency bands of icEEG power. The following frequency ranges were used to define each power band: delta (δ) 0.5 to b 4.0 Hz, theta (θ) 4.0 to b 8.0 Hz, alpha (α) 8.0 to 13.0 Hz, beta (β) N13.0 to b 25.0 Hz, and gamma (γ) 25.0 to 50.0 Hz. Artifacts were delineated in the data records and 1 second segments with artifacts were removed from the analysis (Englot et al., 2010) .
After co-registration with the cortical mesh-grid using the procedures above, imperfections in the cortical segmentation occasionally led to electrodes incorrectly landing in the depths of sulci. To avoid this problem, we added a step of projecting all electrodes onto a smoothed extra-cortical surface that enclosed the cortex and contained no sulci or gyri. The enclosing surface was created in BioImage Suite by extracting a smoothed iso-contour of the actual cortical surface. The final electrode location was determined by projecting the electrode from the smooth surface again to the nearest vertex on the original cortical mesh-grid.
Using electrode placement information and processed icEEG data, the cortical surface was colored according to the amplitude of β (13-25 Hz) power in 1 second intervals. For every movie frame, each cortical polygon face was assigned a color based on the power amplitude of its nearest electrode (measured in absolute distance). The opacity of each face's color was linearly scaled according to its distance from the electrode. Faces immediately adjacent to a channel input received maximum coloration according to the power amplitude of the electrode at that time. Faces greater than 15 mm (in absolute distance) from the nearest electrode received no coloration, regardless of that channel's power amplitude.
A linear color scale was used for all power amplitudes between 0 and the Maximum Power Coloration Value (MPCV) (see Figs. 1-4). At any given time, if an electrode's power amplitude was greater than the MPCV, it appeared fully red on the cortical rendering; lower amplitudes were represented by shades of orange or yellow. Three views of the cortex (lateral, medial, and inferior) were combined on one screen for each frame of the movie. Since both hemispheres were displayed for each patient, this created six surface views of the brain. The localization of each electrode was illustrated by a blue dot on the cortex. The power coloration scale and running EEG time was also added to each 3D-SPIER movie before review. To choose values for MPCV and frequency band for display, we initially analyzed a subset of four temporal and four extratemporal seizures from eight patients with confirmed seizure localization and good surgical outcome, and created 3D-SPIER movies with a range of MPCV values and frequency ranges. We found that an MPCV value of 0.035 mV 2 /Hz and frequency in the β (13-25 Hz) range yielded the most reliable localization in this subset of seizures based on an unblinded review of clinical data. Therefore, the threshold and frequency values were fixed at MPCV of 0.035 mV 2 /Hz and β (13-25 Hz) for the subsequent blinded analysis of 3D-SPIER movies.
Independent review of 3D-SPIER
3D-SPIER movies of β frequencies with an MPCV of 0.035 mV 2 /Hz were generated for each of the 139 seizures used in this study. Each 3D-SPIER movie underwent a blinded, independent review by each of the same neurologists who reviewed the seizures earlier using traditional visual analysis. Just as before, the onset region (side, lobe, and subregion) was recorded for each seizure by each reviewer. After all 3D-SPIER movies had been reviewed by both neurologists and localizations determined independently, final consensus localization was reached for each patient through discussion of those cases in which individual localizations differed. If the two reviewers agreed that an ictal onset zone could not be localized, or if an agreement on localization could not be reached after discussion, the 3D-SPIER movie was considered as non-localizing.
Threshold and frequency adjustment
Although a fixed MPCV of 0.035 mV 2 /Hz and β power seemed the most promising during review of the initial trial seizures, several seizures were unable to be localized during review of the full dataset. After the analysis using a fixed MPCV of 0.035 mV 2 /Hz and β power, patients whose localization was unclear were reanalyzed using different MPCVs and frequency ranges (defined above) until a clear seizure onset could be identified. In cases where no significant power changes were visible in the 3D-SPIER, we decreased the MPCV by 0.005 mV 2 /Hz until coloration became visible during the ictal window. On the other hand, in cases where we observed widespread power changes much earlier than the seizure onset, we increased the MPCV by 0.005 mV 2 /Hz until a focal seizure onset could be observed. We then repeated this procedure in different frequency ranges (beta, gamma, and alpha, in that order) to determine if other power spectra might be more helpful in localizing difficult cases. We did not in general look at theta or delta frequency ranges for localization since they often showed diffuse rather than focal changes at the seizure onset (see example in the Results section, Fig. 4 ) in several patients we tested in the initial analysis to choose a fixed threshold.
Statistical analysis
To compare the results of traditional icEEG analysis with 3D-SPIER, an agreement rate and Cohen's kappa (κ) coefficient were calculated for inter-rater agreement of each method and also between the consensus localizations of each method. In addition, comparisons were made using agreement rates and κ values between each method's localization and the seizure onset area that was chosen for surgical resection. In cases that had good surgical outcome, the surgical resection localization was used as a "gold-standard" for the true seizure localization. All calculations were performed independently for side, lobe, and subregion. Agreement was considered "poor" when κ b 0.20, "satisfactory" when κ = 0.21-0.40, "moderate" when κ = 0.41-0.60, "good" when κ = 0.61-0.80, and "excellent" when κ N 0.80 (Landis and Koch, 1977) .
Results
Demographic and clinical characteristics of patients
The demographic and clinical findings of all patients are summarized in Table 1 (good surgical outcome) and Table 2 (poor surgical outcome).
Of the 48 patients, 23 were male and 25 were female, with ages ranging from 7 to 54 (mean 29.9 ± 13.0) years old. The mean age at seizure onset was 10.8 ± 8.5 years old, and the mean duration of seizure history prior to surgery was 18.8 ± 12.9 years. The epilepsy classification based on location of surgical resection was 25 cases of temporal lobe epilepsy (TLE) and 23 cases of extratemporal lobe epilepsy (ETLE). More precisely, overall localization of patients included 19 medial TLE (MTLE) and 6 lateral TLE (LTLE), 13 frontal lobe epilepsy (FLE), 2 parietal lobe epilepsy (PLE), 1 frontotemporal lobe epilepsy (FTLE), 1 frontoparietal lobe epilepsy (FPLE), 1 temporoparietal lobe epilepsy (TPLE), 3 temporooccipital lobe epilepsy (TOLE), and 2 parieto-occipital lobe epilepsy (POLE). Thirty-three patients had lesions on MRI, while no MRI lesions were observed in 15 patients. Lesions on MRI included hippocampal sclerosis or atrophy, cortical dysplasia and/or cortical thickening, abnormal sulcus or cleft, periventricular heterotopic gray matter, hemosiderin deposit, encephalomalacia, gliosis, and multiple cavernous hemangioma with calcification. Other functional imaging studies, such as interictal PET and/or ictal SPECT were performed in 41 and 22 patients, respectively. The mean postoperative follow-up period was 3.1 ± 1.8 years, and 28 patients (58.3%) became seizure free after surgery (good surgical outcome group; Engel class IA or IB, and ILAE class 1 or 2), while 20 patients continued having seizures after surgery (poor outcome group; Engel classifications II to IV, or ILAE classes 3 to 5).
Examples of localization by 3D-SPIER
Examples of seizures where the visual analysis and 3D-SPIER methods agreed in localization are shown in Fig. 2 (medial temporal lobe epilepsy) and Fig. 3 (neocortical epilepsy) . Fig. 2 demonstrates a seizure from an 11 year old patient with medial temporal lobe epilepsy and left medial temporal sclerosis on MRI (Patient #8, Table 1 ). Traditional visual analysis of icEEG shows seizure onset in the left medial temporal region and 3D-SPIER shows a left medial temporal increase in β frequency power at seizure onset (see also Supplementary video 1, online). The patient has been seizure free for 3 years after a standard left temporal lobectomy. Fig. 3 is an example of seizure from a 24 year old patient with neocortical epilepsy and a previous history of right temporal lobectomy (Patient #3, Table 1 ). Visual analysis of the icEEG shows the seizure onset region in the right lateral parietal cortex, which also corresponds to the same region with increase in β power in 3D-SPIER (see also Supplementary video 2, online). This patient had a right parietal resection, and has been seizure free after surgery.
Inter-rater agreement rates for visual analysis vs. 3D-SPIER Inter-rater agreement was generally good (Table 3) , but increased measurably for sublobar localization when reviewers used 3D-SPIER movies (84.1% agreement, κ = 0.068) vs. visual analysis (75.7% agreement, κ = 0.051).
Analysis with fixed threshold and frequency ranges
We initially analyzed all seizures with fixed MPCV of 0.035 mV 2 /Hz and frequency in the β range (Table 4 , top). In general, localization using 3D-SPIER was found to be similar to traditional visual localization in the majority of cases reviewed. This was consistent across levels of localization (side, lobe, subregion) as well as clinical outcome (good vs. poor). Not surprisingly, agreement was highest between the consensus "side" localization for each method, followed by "lobe" and then "subregion". The lowest level of agreement between the consensus localizations of each method was found in the sublobar localization of patients with poor outcome (70.7% agreement) when fixed threshold and frequency ranges were used.
The rate of each method's agreement with the surgical resection site was also calculated. Agreement was generally higher between the traditional visual analysis and surgery than between 3D-SPIER movies and surgery, likely because visual analysis was used for the actual surgical decisions. It is not known whether outcomes would have been better or worse if surgery had been based on 3D-SPIER instead of visual analysis for localization. Agreement rates did not seem to vary based on the surgical outcome of the patients. It is worth Fig. 4 . Analysis with adjustable thresholds and frequency range. Changing the frequency range and maximum power coloration value (MPCV) can help localize ictal onset regions in cases where localization was initially difficult. In this example from a 7 year old boy, the original frequency (β) and MPCV (0.035 mV 2 /Hz) were insufficient for localization of seizure onset. After we adjusted the MPCV to 0.015 mV 2 /Hz, the β and α frequency bands revealed the left lateral temporal area as the ictal onset zone, which was in agreement with the traditional icEEG visual analysis. The δ or θ frequency bands were not helpful for seizure localization even after adjusting the threshold in this patient. This patient had a poor surgical outcome (Engel class 3 and ILAE outcome class 4) after left temporal cortical resection, which did not include the seizure onset zone (since it overlapped language function). Data are from Pt #38 (Table 2) . Single frames are shown from data at the same 1 second time bin with different MPCV and frequency bands. Scale bar on right indicates color display of icEEG power for MPCV = 0.015, 0.035 or 0.055 mV 2 /Hz. Fig. 3 . Example of a neocortical seizure from a 24 year old woman. She had a history of previous right temporal lobectomy which did not cure her seizures. The top frame shows the icEEG traces of 6 electrodes recorded during before, during, and after the seizure. Each icEEG channel is shown in 1 second time segments (time in minutes:seconds relative to the seizure onset time) and illustrated in the movie still images (bottom) by a dot of the same color. In the movie images, β frequency power is plotted with a MPCV of 0.035 mV 2 /Hz. Solid red indicates power amplitudes near the MPCV. Both methods of review suggested a seizure onset region in the right lateral parietal cortex, which is consistent with the area that was resected in surgery. The patient became seizure free after surgery. Data are from Pt #3 (Table 1) . See also Supplementary video 2, online.
noting that in some cases the area of surgical resection may not accurately align with the consensus clinical and icEEG localization due to the presence of important functional areas (e.g., language or primary motor, etc.) near the onset zone. In these cases the surgical team chose only a limited partial resection and/or possible multiple subpial transsections rather than resecting the full SOZ.
Overall, 3D-SPIER with fixed threshold and frequency range yielded a fast and visually compelling method for localizing seizures which agreed with traditional visual analysis in many cases, but could be improved upon by allowing variable parameter settings as described in the next section.
Analysis with adjustable threshold and frequency ranges
Just as the efficacy of traditional icEEG interpretation can be improved by adjusting filter or gain settings, we hypothesized that the efficacy of 3D-SPIER would also be improved by incorporating adjustable MPCV and frequency ranges. We therefore reanalyzed cases with poor agreement between 3D-SPIER and visual analysis and tried different values for MPCV and frequency range in an attempt to more precisely localize the SOZ. We tried higher MPCV values if the 3D-SPIER showed diffuse changes, whereas we tried lower ones if it showed too subtle changes, increasing or decreasing the MPCV stepwise by 0.005 mv 2 /Hz. Fig. 4 is an example where power changes on the 3D-SPIER did not show a clear well-defined SOZ using the standard threshold of MPCV of 0.035 mV 2 /Hz and the β frequency band. After adjusting the threshold to MPCV of 0.015 (Fig. 4, top  row) , the β and α frequency power changes revealed a focal SOZ of the left lateral temporal area, which was in agreement with the traditional icEEG analysis. The δ or θ frequency power bands were not helpful in seizure localization, even after trying several different values for MPCV. This patient (Patient #38, Table 2 ) underwent a limited surgical resection in order to spare language function. The surgery had a poor outcome (Engel class 3 and ILAE outcome class 4), likely because the surgery did not include the entire SOZ.
After re-reviewing poorly localized cases in this manner using adjustable parameters with different thresholds and frequency ranges, agreement rates between the methods improved, particularly for lobar and sublobar localization (Table 4 , lower part). Agreement rates between 3D-SPIER and surgical or traditional localization were now 80 to 90% for patients with good surgical outcome. Interestingly, the agreement rates were better for both lobe and subregion in the good outcome group compared with poor outcome patients. This was most prominent in sublobar localization, where agreement rates were substantially lower in patients with poor surgical outcome, where 3D-SPIER more often disagreed with visual analysis and surgery. Since visual icEEG analysis was used for surgical decisions, we can speculate that if 3D-SPIER had been used for surgical decisions it might have been more accurate for localizing the SOZ in some of these patients, possibly improving surgical outcomes.
Time and ease of interpretation
Typical time for experienced readers to interpret the seizure localization with traditional icEEG visual analysis ranged from 7 to 24 min per seizure. For analysis with 3D-SPIER, time to determine seizure onset area ranged from 30 s to 3.5 min per seizure. We believe that the difference in evaluation time between the methods is in part due to not being able to visualize all the channels simultaneously on the computer screen for icEEG visual analysis. Additionally, the cortical location and spatial orientation of each electrode had to be reviewed for icEEG electrodes each time when using the traditional visual analysis. This was not necessary when reviewing 3D-SPIER movies which include the electrode locations in the display, thus significantly decreasing the time to review one seizure. In fact, for visual analysis reviewers typically interpret icEEGs in a systematic manner; looking at all channels first, focusing on one of a few subsets of channels, scrutinizing these, and checking the location of these channels from the neuroimaging data, then repeating these steps for different electrode subsets. In contrast, the 3D-SPIER yields the information in the context of detailed cortical anatomy, and so allows the reviewers to easily change the perspective from a detailed view to overview and from one viewpoint to another. The reviewers also agreed that expertise with reading icEEGs and training in epilepsy and EEG would be needed for the traditional icEEG visual interpretation while the interpretation of 3D-SPIER may require less specialized training or expertise.
Discussion
Localizing seizure onset regions is a critical step in presurgical evaluation for patients with medically intractable epilepsy. In our study, we have developed and evaluated a new technique for identifying onset zones using 3D surface projections of icEEG power (3D-SPIER). After a thorough comparison with traditional methods in a large sample of patients, we believe this technique has potential for future clinical use, showing particular promise in speed and ease of interpretation, consistency and simplicity. The main findings of this study are: (i) inter-rater agreement for each method was good, especially for 3D-SPIER. (ii) Overall agreement rates between 3D-SPIER and icEEG visual analysis or surgery were approximately 90% for side, 80% for lobe, and slightly lower than 80% for subregions using a fixed MPCV of 0.035 mV 2 /Hz and frequency range in β band. (iii) Agreement rates were improved by allowing the MPCV and frequency ranges to be adjusted in individual patients, especially for subregions. (iv) Agreement was better for lobe and subregion in the good outcome group, where 3D-SPIER more often agreed with visual analysis and surgery than in the poor outcome group. The present study showed that accuracy of seizure localization by using 3D-SPIER was comparable with icEEG visual analysis. In addition, each method had a similar level of consistency with the localization of surgical resection area. Thus 3D-SPIER could be a useful new diagnostic method for presurgical seizure localization with appropriate clinical validation, especially because this method is faster, easier and more consistent between reviewers.
Methodological considerations icEEG visual analysis vs. 3D-SPIER for localization of seizure onset zones
Ictal onset zones of icEEG have traditionally been identified based on the morphological patterns of cortical rhythms visually, according to the changes of frequency, amplitude, and rhythmicity (Azar et al., 2009; Jouny et al., 2007; Lee et al., 2003; Ochi et al., 2007; Wetjen et al., 2009) . Traditional visual interpretation of icEEG requires in-depth training for a relatively long period of time (often years) and still can be different between reviewers based on personal experience and expertise. In our study, inter-rater agreement for traditional analysis was less than 80% for the sublobar level. Developing a new technique that increases consistency and simplicity based on quantitative measures of icEEG can be helpful clinically, and displaying icEEG power on a 3D Table 3 Inter-reviewer agreement rates of 3D surface projection of icEEG power (3D-SPIER) and traditional icEEG visual analysis.
Side
Lobe Sublobar surface rendering of the individual patient's cortex can fulfill these requirements. In fact, ictal onset analysis based on the 3D-SPIER movies was highly consistent between two reviewers and showed excellent agreement when compared with icEEG visual analysis. Moreover, the reviewers reported that it took a much shorter time and that analysis was relatively easy when reviewing 3D-SPIER movies compared with visual icEEG analysis. As mentioned earlier, we believe that the reason for this is that visual analysis of over 100 waveform channels is a difficult task, requiring a laborious transformation of 2D data onto a patient's brain using multiple waveform displays and maps on different computer screens. It is not surprising that the same set of data can sometimes be interpreted in different ways by different reviewers. These steps are dramatically simplified when reviewing 3D-SPIER movies, therefore significantly decreasing the time and energy to review one seizure while increasing the consistency between reviewers.
Rationale for icEEG signal spectral analysis and selection of beta power band Time-frequency analysis has been widely used for analyzing quantitative EEG dynamics, for seizures and/or functional brain mapping (Ebersole and Pedley, 2003) . In a previous study, we used fractional EEG power changes during seizures to investigate the role of hippocampal fast activity and cortical slow wave activity in temporal lobe seizures (Englot et al., 2010) . The most common ictal EEG onset pattern was often described as low voltage fast activity (LVFA) dominantly beta frequency by visual analysis for both neocortical and temporal lobe seizures Schiller et al., 1998; Velasco et al., 2000) . Power spectrum of icEEG ictal onset was mainly beta sometimes overlapped with gamma ranges (Alarcon et al., 1995) . We therefore chose to begin our study with this frequency band (13-25 Hz) based on previous work, and on the success of our 8 trial cases (see Materials and methods section). However, there are other approaches that may have been equally successful, and we will briefly mention them since they may be useful in future studies (for a more thorough review, please see Youngblood et al., 2013) .
While some studies have investigated raw voltage mapping during ictal periods (Jouny and Bergey, 2012; Otsubo et al., 2001) , most groups performed data pre-processing to assist in display of biologically relevant events. High frequency oscillation (HFO) is a commonly studied marker for epileptogenesis (Gupta et al., 2011; Jacobs et al., 2010; Schevon et al., 2009 ) and has previously been used to generate topographic movies of icEEG ictal rhythms (Akiyama et al., 2006) . Given the growing interest in HFOs for localizing seizure onset, use of the current method for mapping HFOs will be a promising avenue of future investigation. Coherence between cortical signals is another common form of data processing, and has been applied under normal conditions (Bullock et al., 1995; Weiss and Mueller, 2003) , as well as during interictal or ictal periods (Jouny and Bergey, 2012; Zaveri et al., 2009 ). Other analysis methods based on Teager energy, nonlinear methods, or automated machine learning approaches (Gardner et al., 2006; Jouny and Bergey, 2012; Khan and Gotman, 2003; Kharbouch et al., 2011) could potentially be investigated using 3D surface renderings. Another promising approach has been the use of an "epileptogenicity index" (Bartolomei et al., 2008 (Bartolomei et al., , 2010 to detect changes from baseline on intracranial EEG. Assuming that higher frequencies commonly occur at seizure onset (Worrell et al., 2004) , the epileptogenicity index has recently been adapted using neuroimaging tools from statistical parametric mapping to develop a robust statistical method for localizing seizure onset (David et al., 2011) . Although use of changes relative to baseline could have advantages, we found in preliminary analyses that this yielded variable results because in some cases frequent interictal epileptiform activity in the baseline data markedly reduced the sensitivity to ictal changes. Additional strategies such as removing interictal spikes from the baseline could improve the consistency of the results.
Such approaches show great promise for providing a fully objective and statistical analysis of icEEG onset, however each of these methods contains its own set of advantages and disadvantages. Importantly, several of these techniques are time-consuming and quantitatively demanding, and have not yet been tested in a large set of clinical data. Our goal was to use a relatively simple method in a large clinically realistic dataset as proof-of principle that such a method could at least match traditional visual analysis. While our study showed preliminary success in localizing SOZs at a level similar to traditional analysis using a simple representation of signal power, it is important that future works investigate different analysis methods and other processing steps to optimize this technique for clinical use. It is worth noting that in some cases the β frequency band was not sufficient in localizing the seizure onset zones, and other frequency bands (or MPCVs) were necessary in our analyses. Ultimately, validation of a statistical method with automatic threshold and frequency settings in a large dataset would be ideal for this kind of analysis and will hopefully be achieved in future studies. Coloration parameters used to generate 3D-SPIER The MPCV was used to translate icEEG signals into observable color on the cortical surface and is important for accurate clinical review. An MPCV that is too high will show no activity during playback, even if dramatic seizure events are taking place. Likewise, an MPCV that is too low will show widespread activations, even during baseline periods. We settled on an initial MPCV of 0.035 mV 2 /Hz through preliminary trials with known localizations. Since the amplitude of any patient's recordings will be unique (particularly during ictal periods), using a variable MPCV that can be adjusted dynamically during playback would provide a substantial advantage. We found that allowing the MPCV and frequency range to be adjusted led to a substantial improvement over our fixed-value results (see Table 3 ). The current implementation of 3D-SPIER using in-house MATLAB code and BioImage Suite (freeware) did not allow for real-time dynamic adjustment of parameters during display. Further testing with software (e.g., CURRY, Compumedics Ltd., Victoria, Australia, and others) which will enable clinicians to readily adjust parameters during display of data on 3D surface projections may greatly facilitate this approach in the clinical setting.
Clinical considerations icEEG power as a marker for epileptogenic zones Interestingly, agreement between each method and surgery was better for lobe and subregion in the good outcome group where 3D-SPIER more often agreed with visual analysis and surgery than in the poor outcome group. Whether localization of SOZs using 3D-SPIER is useful to improve surgical outcome or not could not be determined from the current study design, but would warrant future work to investigate this possibility.
Considering the recent studies of HFO that have emphasized their usefulness indicating epileptogenesis (Akiyama et al., 2006; Bragin et al., 2010; Jacobs et al., 2010) , color maps using HFO (typically 250 to 500 Hz) would also be worthwhile to investigate in future studies. Application of these methods to other interictal epileptiform activity would also be of interest in comparison to traditional visual analysis, and compared to spike source localization from noninvasive scalp EEG (Pacia and Ebersole, 1997; Rose and Ebersole, 2009 ). Advances in source imaging have recently been used to localize noninvasive EEG events onto the underlying brain structures using a realistic head model and the boundary element method combined with timefrequency representation of EEG and independent components from ictal rhythmic activity, which was comparable with the SOZ from icEEG (Yang et al., 2011) and surgical resection area (Lu et al., 2012) . In future work, it would be useful to directly compare 3D-SPIER to such noninvasive methods of EEG localization in the same patients; if successful this could ultimately be used to further validate noninvasive methods and avoid the need for icEEG in some patients.
Practical aspects of 3D-SPIER as a new diagnostic method
Based on our study, 3D-SPIER showed excellent inter-reviewer agreement for all levels of localization, and was even better for lobe and subregion compared with visual analysis. Moreover, 3D-SPIER provided enhanced ease of use and could be more efficient for the reviewers. Clinically, the 3D-SPIER technique has the potential to provide a novel quantitative method to localize the SOZ as a part of presurgical evaluation. If this method can be used in clinical settings, it may be best utilized as a supplemental method to assess SOZ along with traditional visual icEEG analysis, and perhaps will be most beneficial in cases where ictal onset is observed diffusely or is difficult to localize in icEEG. As already discussed, this approach could also help validate noninvasive EEG analysis methods, which whenever possible are preferred over icEEG for patient safety reasons.
Another possibility is that 3D-SPIER may better visualize the spatial progression of seizure propagation which can aid in the understanding of the epileptic network. This could help us understand the generation and propagation of epileptic seizures better, which would be useful for both clinical (e.g., improve surgical outcome) and scientific (e.g., understand epileptic network) purposes for future studies.
Conclusion
In summary, analyzing icEEG activity quantitatively (e.g., EEG power in specific frequency bands) and visualizing this information on the 3D brain surface is a promising tool for diagnosis of the SOZ, thus increasing the possibility of a successful treatment while planning epilepsy surgery. This study provides the first objective evidence that seizure localization using 3D-SPIER was comparable with icEEG visual analysis. Clinically, the 3D-SPIER technique has the potential to provide a novel quantitative method for seizure localization as a part of presurgical evaluation. Moreover, 3D-SPIER was significantly faster than traditional analysis during review, and could save valuable time for clinicians. These findings suggest that 3D surface rendering of icEEG signals could be a valuable tool in the clinical setting that may improve the treatment and outcome of patients suffering from medically intractable epilepsy.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.neuroimage.2013.07.010.
